The microbial diversity was investigated in sediments of six acidic to circumneutral hot springs (Temperature: 60-92°C, pH 3.72-6.58) in the Philippines using an integrated approach that included geochemistry and 16S rRNA gene pyrosequencing. Both bacterial and archaeal abundances were lower in hightemperature springs than in moderate-temperature ones. Overall, the archaeal community consisted of sequence reads that exhibited a high similarity (nucleotide identity > 92%) to phyla Crenarchaeota, Euryarchaeota, and unclassified Archaea. The bacterial community was composed of sequence reads moderately related (nucleotide identity > 90%) to 17 phyla, with Aquificae and Firmicutes being dominant. These phylogenetic groups were correlated with environmental conditions such as temperature, dissolved sulfate and calcium concentrations in spring water, and sediment properties including total nitrogen, pyrite, and elemental sulfur. Based on the phylogenetic inference, sulfur metabolisms appear to be key physiological functions in these hot springs. Sulfobacillus (within phylum Firmicutes) along with members within Sulfolobales were abundant in two high-temperature springs (> 76°C), and they were hypothesized to play an important role in regulating the sulfur cycling under high-temperature conditions. The results of this study improve our understanding of microbial diversity and community composition in acidic to circumneutral terrestrial hot springs and their relationships with geochemical conditions.
Introduction
Acidic hot springs are considered extreme environments, yet they contain a diverse array of thermoacidophilic microorganisms capable of surviving and functioning under such conditions (Brock et al., 1972; Brock, 1978; Stetter, 1996; Rothschild & Mancinelli, 2001) . Multiple investigations have shown that thermoacidophiles in terrestrial geothermal features are of great importance because of their potential implications for early life on Earth (Konhauser et al., 2003) and extraterrestrial biology (Cavicchioli, 2002) , as well as applications in biotechnology (Edwards et al., 2000) and bioremediation (Norris et al., 2000; Gonzalez-Contreras et al., 2012) . Over the last decade, several culture-independent studies have investigated microbial communities in acidic hot springs, such as those in Tengchong, China (Hou et al., 2013) , Iceland (Kvist et al., 2007) , Yellowstone National Park (YNP) Inskeep et al., 2010; Kozubal et al., 2012a, b; Macur et al., 2013) and Lassen Volcanic National Park (Siering et al., 2006; Wilson et al., 2008) in the United States.
The Philippines, located in the Circum-Pacific rim of volcanic systems, harbors a great number of geothermal features and ranks the second to the United States in generating geothermal energy (Dolor, 2005) . Previous microbial studies associated with the Philippines hot springs have either focused on the isolation and cultivation of novel thermophiles (Itoh et al., 1999 (Itoh et al., , 2003 , targeted the microbial diversity of specific groups of microorganisms (Jing et al., 2005; Lacap et al., 2005) , or used conventional molecular techniques (e.g. DGGE and clone library) (Jing et al., 2005; Lacap et al., 2007; Lantican et al., 2011) . Despite these extensive investigations, there is still a lack of comprehensive understanding on the microbial diversity and microbial community structure in the Philippines acidic to circumneutral hot springs. Here, we report on the microbial diversity, community composition, and their relationships with environmental variables in six previously unstudied hot springs in the Philippines. We hypothesize that locally, environmental conditions are important in shaping microbial community composition in the Philippines hot springs. Globally, important differences in microbial community composition exist among hot springs, and both geographical distance and environmental conditions are important in controlling microbial community composition.
The objectives of this study were (1) to investigate the microbial diversity and community structure of six Philippines hot springs within a range of temperatures (60-92°C) and pH conditions (3.72-6.58); (2) to assess the relationships between microbial community composition and environmental conditions (e.g. water geochemistry, mineralogy) in these acidic to circumneutral hot springs; and (3) to compare the microbial composition in Philippines hot springs with others in Tengchong (China) and YNP (USA). To achieve these objectives and to test the above hypotheses, an integrated approach was employed, including 16S rRNA gene-based 454 pyrosequencing and geochemical analyses.
Materials and methods

Site description and sampling
The study area is part of the Bacon-Manito Geothermal Production Field (BGPF), located on the southeastern chain of the Bicol volcanic arc system in the Philippines (Fig. 1 ). This area is structurally controlled by numerous fault splays and dike intrusions in a shear zone known as the Bacman Fault Zone (BFZ) and contains a number of geothermal features (Dimabayao, 2012) . The lithology of the study area is composed of three major units: the Gayong Sedimentary Formation (GSF), the Pocdol Volcanics Formation (PVF), and the Cawayan Intrusive Complex (CIC) (Dimabayao, 2012) . GSF is the oldest unit that primarily comprises calcareous clastics and sedimentary breccias. The overlying PVF mainly comprises intensively altered andesite lavas and tuff breccias. The CIC is composed of basalt, microdiorite, and plutonic dikes that intrude the GSF and PVF.
Six hot springs in the BGPF were selected for this study: INA-1 (Inang Maharang Town), MAL-1 (Malangto Town), NAG-7 (Naghaso Town), BAG-2 (Balbagon Town), BAL-0 (Balasbas Town), and BAL-1 (Balasbas Town) (Fig. 1) . A portable GPS unit (eTrex H, Garmin) was used to determine the geographical locations of these springs. Temperature and pH of hot spring waters were measured using a portable pH/temperature meter (LaMotte 5 Series, Chestertown, MD). Water samples were collected for laboratory measurements by filtering $ 50 mL of spring water through sterile 0.22 lm polycarbonate filters (Millipore). At each hot spring, sediment samples were collected with sterile spatulas and spoons and homogenized in a presterilized aluminum pan. The homogenization procedure was to ensure that the solid-phase geochemical and molecular data were obtained from the same sample to allow subsequent correlation analysis between microbial community composition and environmental conditions. Multiple aliquots of sediment samples were taken from the homogenized sediments in the aluminum pan and placed into 1.5 or 50 mL polypropylene centrifuge tubes. Sediment samples for microbial analysis were immediately frozen in dry ice upon collection, remained frozen during transportation, and stored at À80°C in the laboratory until further analysis.
Geochemical and mineralogical analyses
Spring water was filtrated (0.22 lm) in the field and measured with a HACH colorimeter (model CEL 850, HACH Chemical Co., Iowa) for the concentrations of dissolved oxygen (DO), total sulfide, nitrite (NO À 2 ), and ferrous iron (Fe 2+ ) according to the manufacturer's protocols. Anion concentrations of water samples were determined using high-performance liquid chromatography (HPLC, Dionex DX-500 chromatography, Dionex Co.), and cation concentrations were determined using direct current plasma optical emission spectrometry (DCP-OES, Beckman). Salinity was calculated by summing up the major ion concentrations in the unit of mg L À1 . Total organic carbon (TOC) and total nitrogen (TN) of the hot spring sediment samples were analyzed using a Perkin Elmer Series 2400 carbon-hydrogen-nitrogen analyzer (Perkin Elmer, Norwalk, CT). All the sediment samples were prepared for the analysis of quantitative powder X-ray diffraction (qXRD), as previously described (Eberl, 2003) . Briefly, one gram of ground sample was mixed with 0.25 g of an internal standard (corundum). This mixture along with 4 mL ethanol and two ceramic beads were vortexed (Vortex Genie, Scientific Ind. Inc.) for 10 min. After drying at 65°C overnight, 600 lL of DuPont Vertrel XF (Miller-Stephenson, Sylmar, CA) was added to the mixture, and dried at room temperature for another 10 min. In order to avoid the orientation effect of mineral particles, the powder was side-packed into a holder. Samples were X-ray scanned from 2 to 70 degree two theta with Cu K-alpha radiation (40 kV, 35 mA), 0.02 degree step size, and a count time of 5 s per step. The XRD data were analyzed quantitatively and converted into weight percent using the RockJock computer program (detection limit 0.1%) (Eberl, 2003) .
DNA extraction and quantitative PCR (qPCR)
DNA was extracted from the sediment samples (0.5-1 g wet weight) using the FastDNA Spin Kit for Soil (MP Biomedical, OH), according to the manufacturer's instructions. DNA extraction was performed in duplicate for each sample, and the resulting eluted DNA was mixed and homogenized to obtain a final volume of 100 lL. DNA concentration was quantified using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA). DNA samples were divided into 20 lL aliquots and preserved at À80°C until further processing.
Archaeal and bacterial 16S rRNA gene copies were quantified by qPCR with primer sets Arch349F (5′-GYG CASCAGKCGMGAAW-3′)/Arch806R (5′-GGACTACVS-GGGTATCTAAT-3′) and 331F (5′-TCCTACGGGAGGCA GCAGT-3′)/797R (5′-GGACTACCAGGGTATCTAATCCT GTT-3′), respectively. qPCR amplifications were performed in a reaction volume of 20 lL, containing 10 lL 2 9 SYBR Green master mix (Applied Biosystems Inc., Foster City, CA), 0.5 mM of each primer, and 1 lL of template DNA (c. 20 ng DNA). The thermal cycling program was as follows: 10 min at 95°C, followed by 40 cycles of 94°C for 30 s, 54°C (archaeal) or 60°C (bacterial) for 20 s, and 72°C for 60 s. PCR products of archaeal and bacterial 16S rRNA gene fragments from one of the investigated samples were used for clone library construction. Purified 16S rRNA gene plasmids of two randomly selected clones (one each from archaeal and bacterial clone libraries) served as standards for archaeal and bacterial qPCRs, respectively. Serial dilutions of the archaeal and bacterial standards were made in the range of 10 2 -10 8 16S rRNA gene copies. The data were used to create standard curves correlating the threshold cycle (Ct) numbers with the 16S rRNA gene copy numbers. The linear correlation coefficients (R 2 ) of the archaeal and bacterial 16S rRNA genes were higher than 0.99. The qPCR amplification efficiencies were in the range of 96-101%. All qPCRs were conducted in triplicate on an ABI 7500 Real-Time PCR system (Applied Biosystems Inc., Foster City, CA). Melting curve analyses were performed after each run to confirm PCR specificity.
Barcoded 454 pyrosequencing and data analysis
The V4-V8 variable regions of the archaeal and bacterial 16S rRNA gene fragments were PCR-amplified with the universal primer set of the modified 515F (5′-GTGYCA GCMGCCGCGGTAA-3′) and 1391R (5′-GACGGGCGGT GWGTRCA-3′) (Hou et al., 2013) . Multiple samples were pooled into one run for 454 pyrosequencing using a sample tagging approach (Meyer et al., 2008) . Appropriate adaptors and 8-bp unique barcodes were added to the 5′-end of both forward and reverse primers (Meyer et al., 2008) . The PCR mix (25 lL) contained the following reagents: 2.5 lL of 10 9 Taq buffer, 0.4 lM of each primer, 200 lM of dNTP, 0.8 mM of bovine serum albumin (TaKaRa, Dalian, China), 1.25 U of Taq DNA polymerase (TaKaRa), and $ 25 ng of DNA template. The PCR started with an initial denaturation step at 95°C for 5 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and a final extension at 72°C for 10 min. To obtain enough amplicons, PCRs were run in quadruplicate for each sample. PCR products were pooled and gel-purified as previous described (Huang et al., 2011) . The purified amplicons of all six samples were quantified on a Qubit 2.0 fluorometer, and pooled in equimolar concentrations for 454 pyrosequencing.
The pyrosequencing was performed on a 454 GS FLX platform (454 Life Sciences, Branford, CT) by MininGene Biotechnology (Beijing, China). The sequences from the 515F-end of the amplicons were used for downstream data analysis. The sequences were processed with the Mothur 1.25.0 software (Schloss et al., 2009; Schloss & Westcott, 2011) . After assigning sequencing reads to each sample according to their unique barcodes, low-quality sequences (quality score < 25, length < 200 bp, ambiguous base ! 1, homopolymer ! 6, and chimeras) were removed. The number of sequence reads for each sample was normalized to the one with the smallest number of reads (4210) by random subsampling. The number of base pairs for each read was trimmed to a uniform length of 243 bp. Sequence reads were assigned to operational taxonomic units (OTUs) at the 97% similarity level, and one sequence was randomly selected as a representative from each OTU. Representative sequences were assigned taxonomy with the ribosomal database project (RDP) trainset7_112011.pds.fasta (http://www.mothur.org/wiki/ RDP_reference_files) as the reference database using the 'classify.otu' script in Mothur (Schloss et al., 2009) , followed by a manual verification. All 454 sequences have been deposited to NCBI under the Sequence Read Archive database (accession no. SRA056526).
Clone library construction
To verify the occurrence of Sulfobacillus in sample BAL-0 (90.8°C), the extracted DNA of this sample was subjected to PCR amplification of the full-length 16S rRNA gene with Bacteria-specific primer pair of Bac27F/ Univ1492R followed by clone library construction and phylogenetic analysis according to the methods described in a previous study (Huang et al., 2011) . The obtained clone sequences have been deposited in the GenBank database under accession numbers KC493660-KC493669.
Statistical analysis
To evaluate microbial diversity in each sample, alpha diversity indices, including coverage, Chaol, ACE, npShannon, and invSimpson, were calculated at the 97% OTU similarity level using tools implemented in Mothur (Schloss & Westcott, 2011) . In order to compare the similarity of the microbial community structures in the investigated hot springs, the hierarchical cluster analysis was performed using the hclust function in the R software (R Development Core Team, 2012). The metaMDS and envfit functions ('vegan' package) were used to display any correlations between microbial community composition and environmental variables (e.g. parameters in Table 1 and mineral compositions in Fig. S1 ) (Oksanen et al., 2011) . By fitting individual environmental parameters onto a given nonmetric multidimensional scaling (NMDS) ordination of the Bray Curtis similarities for genera (95% OTU similarity), the correlations between genera and geochemical variables were made. NMDS ordination was rotated so that two axes were along the principal components. Spearman test was also performed to confirm the correlation between microbial groups and environmental variables using the R software.
Results
Geochemistry and mineralogy
The temperature and pH of the six investigated hot springs was 60-92°C and 3.72-6.58, respectively (Table 1 ). The dissolved oxygen concentration ranged from 1.6 to 3.1 mg L
À1
. The aqueous concentrations of cations such as calcium, potassium, and sodium varied among the springs, with the highest levels measured in NAG-7. The chloride concentration covaried with these cations. Salinities of these hot springs showed a negative correlation with distance from the sample sites to the coastline (Fig. S2) , and two springs near Albay Gulf (NAG-7 and BAG-2) showed much higher salinities than the other inland springs (Table 1) .
The TOC concentration in the sediment samples was 1.57-22.95 mg g
, and TN concentration was < 2.42 mg g
. Quantitative XRD analysis showed that smectite (20.6-56.8%), kaolinite (11.8-43.2%), K-feldspar (5.5-12.5%), and cristobalite (3.1-13.8%) were the major minerals in the hot spring sediments. Minor sulfur-and iron-related minerals (i.e. pyrite, elemental sulfur, gypsum, goethite, and ferrihydrite) were in lower abundance and varied among the samples (Fig. S1 ).
Microbial community characteristics in the Philippines hot springs
Archaeal and bacterial 16S rRNA gene abundances were 1.08 9 10 7 -1.60 9 10 8 and 7.50 9 10 7 -9.93 9 10 9 copies per gram of sediments (dry weight), respectively ( Table 2 ). The archaeal 16S rRNA gene abundance was lower in the two high-temperature springs than the moderate-temperature ones, except for BAL-1. Similarly, the bacterial 16S rRNA gene abundance was lower in higher temperature springs than the low temperature ones.
A total of 57 493 raw sequence reads were obtained for both Archaea and Bacteria. After removing low-quality sequences, 41 446 reads (22 257 and 19 189 for Archaea and Bacteria, respectively) remained for the six samples. These sequence reads were clustered into 818 OTUs (203 and 615 for Archaea and Bacteria, respectively) at the 97% similarity level. The sequencing coverage was 92.6-99.6%, indicating that the number of sequences was sufficient to capture most taxa in each sample.
The archaeal community mainly consisted of sequence reads closely related (nucleotide identity 92-100%) to phyla Crenarchaeota, Euryarchaeota, and unclassified Archaea (accounting for 95.8%, 3.2%, and 1.0% of total Archaea, respectively) (Fig. 2a) . The bacterial community was composed of sequence reads closely related (nucleotide identity 90-100%) to 17 phyla, with Aquificae and (Fig. 2b) . Calculations of alpha diversity indices including Chao1, ACE, npShannon, and invSimpson showed that samples BAL-0, NAG-7, and BAG-2 had higher microbial diversity than the other three samples (Table S1 ). A bi-plot was overlaid on a NMDS ordination to display the correlations between microbial community composition and environmental variables (Fig. 3) . The Spearman test suggested that certain thermophilic groups were significantly correlated with temperature, for example, crenarchaeal orders Thermoproteales (r = +0.94, P-value = 0.005) and Desulfurococcales (r = +0.83, P-value = 0.042).
Discussion
Microbial community pattern corresponding to environmental variables
The diversity and abundance of all genera of both Archaea and Bacteria varied across these hot springs and correlated with certain environmental conditions. Based on the correlation between the genus-level phylogenetic composition and geochemical conditions, the six hot springs can be classified into three clusters: Cluster 1 (BAL-0 and MAL-1), Cluster 2 (INA-1 and BAL-1), and Cluster 3 (NAG-7 and BAG-2) (Fig. 3) .
In the Cluster 1 (BAL-0 and MAL-1), the archaeal community was mainly composed of sequence reads closely related (identity 100%) to crenarchaeal orders Sulfolobales and Thermoproteales and bacterial phyla Aquificae and Firmicutes. Within this cluster (Fig. 2) , major phylogenetic groups were archaeal genera Sulfolobus (identity 99-100%) and Vulcanisaeta (identity 92%), and bacterial genera Sulfobacillus (identity 96-100%) and Hydrogenobaculum (identity 100%). The distribution of these genera positively corresponded to certain environmental variables (i.e. temperature, sulfate, elemental sulfur, pyrite) (Fig. 3) . Considering the optimal growth temperature of Sulfobacillus (either 45-50°C, Norris et al., 1996 or 55-58°C, Kozubal et al., 2012a) , it was surprising to observe its predominance in high-temperature spring BAL-0 (90.8°C) and MAL-1 (75.8°C). However, the occurrence of Sulfobacillus was confirmed by the full-length bacterial 16S rRNA gene in these samples, and it suggests that Sulfobacillus may have higher temperature tolerance than currently known.
Despite distinct temperatures of INA-1 (92.4°C, pH 6.08) and BAL-1 (60.5°C, pH 5.20), these two samples formed a cluster, that is, Cluster 2. The archaeal community composition in Cluster 2 contained high proportions of sequence reads associated (nucleotide identity 92-100%) with archaeal phylum Crenarchaeota (96-100% of total Archaea, mainly unclassified Desulfurococcales). It is notable that photosynthetic microorganisms were not observed in sample BAL-1, where temperature was lower than the upper limit (73-75°C) for photosynthesis (Brock, 1978; Hou et al., 2013) . Several studies (Boyd et al., 2010 Cox et al., 2011; Hamilton et al., 2012) have demonstrated that the upper temperature limit for photosynthesis was pH and sulfide dependent. In acidic environments (< 4-5), the upper temperature limit for the distribution of photosynthetic metabolism could be lowered to $ 57°C (Boyd et al., 2010; Cox et al., 2011; Hamilton et al., 2012) , which may have accounted for the absence of photosynthetic microorganisms in spring BAL-1. In addition, the absence of bacterial photosynthesis in this spring could also result from their competition with algae. For example, Boyd et al. (2012) suggested that a total sulfide concentration of 5 lM was sufficient to suppress algal phototrophs, but this level of sulfide had no effect on bacterial counterparts. At a low sulfide concentration (< 5 lM), algal phototrophs were not suppressed , and could be competing against bacterial phototrophs for nutrients and physical space. This competition seems to limit Cyanobacteria to environments with pH > 4.0 (Brock, 1973) . The pH of spring BAL-1 (5.20) is certainly appropriate to limit Cyanobacteria.
In contrast to the above four hot springs (INA-1, MAL-1, BAL-0, and BAL-1) where the majority of sequences were associated (nucleotide identity 90-100%) with known orders and genera, large proportions of sequence reads in Cluster 3 (NAG-7 and BAG-2) were mainly associated with unclassified Archaea (3-19%), Crenarchaeota (63-82%), and Bacteria (25-58%), indicating possible occurrence of novel microorganisms in these springs. The negative correlation between salinity and coastal distance (Fig. S2) , as well as the close locations of these two high-salinity springs to the Albay Gulf, suggest that a marine influence may be a possible reason for the occurrence of novel microorganisms in these springs. Indeed, both archaeal and bacterial community compositions in these two springs were positively correlated with marine geochemical indictor (e.g. calcium) (Fig. 3) .
Inferred physiological functions
In these springs, there appear to be a variety of microorganisms with putative sulfur metabolisms (Fig. 2) . Springs in Cluster 1 (BAL-0 and MAL-1) appear to be dominated by sulfur-and sulfide-oxidizing organisms; springs in Cluster 2 (INA-1 and BAL-1) were dominated by sulfatereducing organism and other organisms with unknown functions; the majority of prokaryotes in Cluster 3 (NAG-7 and BAG-2) were not related to any cultured representatives and potential functions remain unknown.
Potential sulfur and sulfide oxidation in Cluster 1 (BAL-0 and MAL-1)
Sequence reads that were closely related (nucleotide identity 96-100%) to sulfur-and sulfide-oxidizing microorganisms, such as archaeal genera Sulfolobus (Brock et al., 1972; Huber & Prangishvili, 2006; Kozubal et al., 2012a) and Metallosphaera (Stetter, 1996; Kozubal et al., 2012a) of the order Sulfolobales, bacterial genera Sulfobacillus of Firmicutes (Bogdanova et al., 2006; Watling et al., 2008) and Hydrogenobaculum of Aquificales (Inskeep et al., 2005; D'Imperio et al., 2007; Clingenpeel et al., 2009) ,   Fig. 3 . A nonmetric multidimensional scaling ordination depicting the distributions of six acidic to circumneutral hot spring samples (big solid circles) and major representative genera (small solid circles). A bi-plot is overlaid on the ordination to the displayed geochemical variables that are correlated with the microbial community structure. Axes 1 and 2 represent the highest variance in genera composition. Only variables that have a significant correlation (P < 0.05) are shown. (Kozubal et al., 2012a) . In addition, ferrous iron and sulfide-bearing minerals (e.g. pyrite) were detected (1.8%) in these springs, and ferric iron concentration (30.23 mg L À1 ) in spring BAL-0 was higher than other springs. This observation is consistent with the physiological properties of Metallosphaera, which is an iron and sulfur-oxidizing chemolithoautotroph (Kozubal et al., 2012a) . Hydrogenobaculum (55-72°C, optimum 65°C) is a gram-negative rod capable of using oxygen and nitrate as electron acceptors, hydrogen and reduced sulfur compounds as electron donors, and CO 2 as the sole carbon source (Stohr et al., 2001; D'Imperio et al., 2008; Reysenbach et al., 2009) . In addition to the above sulfur-and sulfide-oxidizinglike microorganisms, large amounts of sequence reads associated with Vulcanisaeta (16.4-46%) were also found in these two samples. Vulcanisaeta (optimal temperature 85°C and pH 4.5) is an anaerobic, heterotrophic, and hyperthermophilic archaeon that was first isolated from hot springs in eastern Japan, and is able to utilize sulfur, thiosulfate, or sulfate as electron acceptors (Itoh et al., 2002) . The presence of putative Vulcanisaeta-related sequence reads was again consistent with the high concentrations of sulfate and elemental sulfur in these two hot springs.
Putative sulfate-and sulfur-reducing microorganisms in Cluster 2 (INA-1 and BAL-1) Despite distinct temperatures, springs INA-1 (92°C, pH 6.08) and BAL-1 (61°C, pH 5.20) were characterized by low dissolved oxygen (1.55-2.10 ppm in spring water but likely anoxic in the sediments) and circumneutral pH. These conditions appear to favor sulfur-and sulfate-reducing microorganisms. For example, the crenarchaeal order Desulfurococcales is a facultative anaerobic hyperthermophile (optimal temperature 85-106°C, pH 5.5-7) that is capable of reducing sulfur or thiosulfate (Huber & Stetter, 2006; Boyd et al., 2007) . Other observed bacteria, such as Thermosulfidibacter (optimal pH 5.5-7.5) (Nunoura et al., 2008) , Thermodesulfobacterium (optimal pH 6.5) (Jeanthon et al., 2002) , and Thermodesulforhabdus (optimal pH 7.0) (Beeder et al., 1995) , are all capable of sulfate reduction.
Novel microorganisms in Cluster 3 (NAG-7 and BAG-2)
In springs, NAG-7 (64.1°C, pH 3.72) and BAG-2 (59.9°C, pH 6.58), high proportions of unclassified Crenarchaeota (82% and 63%, respectively), Archaea (3% and 18%, respectively), and Bacteria (52% and 23%, respectively) strongly suggest occurrence of novel microorganisms in these habitats. This novelty could be due to the different physicochemical conditions and the geographical locations of these two springs. It was possible that the sea water from the Albay Gulf could have intruded the hydrological system of these springs and thus affected the microbial composition in this area. It was interesting to note that some moderate-temperature Euryarchaeota (e.g. Methanosaeta) and Bacteria (e.g. Thermodesulforhabdus) that were commonly found and isolated from marine environments (Beeder et al., 1995; Mori et al., 2012) were also detected in these samples. This observation suggests that geochemistry as well as microbiology might be influenced by seawater. Indeed, a previous study (Tobler & Benning, 2011) observed different communities within siliceous sinters in five geochemically diverse Icelandic geothermal systems of different salinities and found that microbial community in neutral, saline geothermal waters were related to marine genera of the Proteobacteria, whereas those in freshwater were dominated by Aquificae, Deinococci, and nonmarine genera of Proteobacteria. However, observation of novel organisms was not limited to the freshwater-seawater interaction zone, as novel organisms have been detected in a number of other geothermal environments. For example, large amounts of unclassified microorganisms were detected in other acidic to circumneutral hot springs, such as an acidic hot spring in Colombia where 65% of archaeal sequences could not be classified (Bohorquez et al., 2012) , and two neutral hot springs from Little Hot Creek in the Long Valley Caldera, USA, where > 85% of the archaeal libraries were related to unclassified Crenarchaeota (Vick et al., 2010) .
Microbial communities of the Philippines hot springs in comparison with those of other springs worldwide
In order to better understand the relationship between the microbial community composition and the environmental conditions in these hot springs, a comparison was made among the studied Philippines hot springs and other acidic to circumneutral hot springs in the world. For a better comparison, five hot springs from Tengchong, China (Hou et al., 2013) and nine sites from Yellowstone National Park, USA (Meyer-Dombard et al., 2005; Spear et al., 2005; Boyd et al., 2009; Inskeep et al., 2010) that have similar temperature and pH ranges were selected as representatives. The major microbial groups used for these comparisons are phyla Crenarchaeota, unclassified Crenarchaeota, and Aquificae; orders Sulfolobales, Desulfurococcales, Thermoproteales; and genera Sulfolobus, Metallosphaera, Vulcanisaeta, Sulfobacillus, Hydrogenobaculum, and Hydrogenobacter (Fig. 4) . The relative abundance of each group out of either total Archaea or Bacteria was plotted on the temperature-pH space.
At the phylum-level, the abundance of Crenarchaeota (27-100%) (Fig. 4a) , novel Crenarchaeota (0-83%) (Fig. 4b) , and Aquificae (0.2-100%) (Fig. 4c) , found in the investigated Philippines hot springs was consistent with previous observations in other acidic to circumneutral hot springs, including those in Tengchong, China (Hou et al., 2013) and Yellowstone National Park in the USA (Meyer-Dombard et al., 2005; Inskeep et al., 2010) . However, novel Crenarchaeota were relatively dominant in some Philippines and YNP hot springs, while it was rarely found in the Tengchong hot springs. This phenomenon could be ascribed to the geochemistry difference (e.g. salinity) of these hot springs. However, the underlying reasons still await further investigation. Aquificae were found abundant in all the three compared areas. However, the distribution patterns of Aquificae were slightly different: although Aquificae-like microorganisms were Fig. 4 . A comparison of major phylogenetic groups in the Philippines hot springs (blue circles) with those from YNP of the United States (green circles) and Tengchong, China (red circles). These groups were plotted in the pH-temperature space. The relative abundance of individual microbial groups was calculated as a percentage relative to either total Archaea or Bacteria. Data for Tengchong springs are from Hou et al. (2013) , whereas those for YNP springs are from Meyer-Dombard et al. (2005) , Spear et al. (2005) , and Inskeep et al. (2010) . YNP and Tengchong hot springs that have similar temperature and pH ranges to those of the studied Philippines hot springs were selected. The yellow circles on the plots are scaled to 10% and located at the optimal temperature and pH for genus-level plots (g-l). For phylum-and order-level plots (a-f), the yellow circles illustrate the relative abundance only with no information on optimal temperature and pH.
dominant in the acidic sites of Tengchong (pH 2-5), they appeared to occur in a wider pH range in YNP and the Philippines (pH 3-7.5) (Fig. 4c) . This difference was likely caused by different composition of Aquificae. For example, in Tengchong acidic springs, Aquificae was mainly composed of Hydrogenobaculum (optimal temperature 65°C and pH 3.5) (Fig. 4k) with a minor amount of Hydrogenobacter (optimal temperature 75°C and pH 7.5) (Fig. 4l) (Pitulle et al., 1994; Hou et al., 2013) . In contrast, the Aquificae in the Philippines hot springs consisted of Hydrogenobaculum, Hydrogenobacter, Persephonella, and unclassified Hydrogenothermaceae. In YNP, Aquificae was composed of Thermocrinis, Sulfurihydrogenibium, Hydrogenobacter, and Hydrogenobaculum (Fouke et al., 2000; Jackson et al., 2001; Langner et al., 2001; Reysenbach et al., 2005; Boyd et al., 2009 ). At the order-level, three major archaeal orders were found in the three compared hot spring systems, including Sulfolobales (0-100%) (Fig. 4d) , Desulfurococcales (0-62%) (Fig. 4e) , and Thermoproteales (0-52%) (Fig. 4f) . Their distribution patterns were also different: most archaeal sequences from Tengchong were related to Sulfolobales, while the majority of those from the Philippines and YNP were related to Desulfurococcales and Thermoproteales. This difference might be ascribed to pH. For example, the Sulfolobales-dominant hot springs tended to have lower pH (2-5), while Desulfurococcales and Thermoproteales were more abundant in those with higher pH (4-7). This observation is consistent with previous studies that Sulfolobales (optimum pH 2-3) prefer a lower pH range than those of Desulfurococcales (optimum pH 6-7) and Thermoproteales (optimum pH 4-6) (Garrity & Holt, 2001; Madigan & Martinko, 2006 ).
At the genus-level, archaeal genera Sulfolobus (0-100%) ( Fig. 4g) and Metallosphaera (0-92%) (Fig. 4h) , both within Sulfolobales, were present in the acidic to circumneutral springs of all the three compared geothermal systems. However, Sulfolobus were more abundant in the Tengchong acidic hot springs (pH 2-5), while Metallosphaera preferred YNP acidic hot springs (pH 2-3). Vulcanisaeta (0-46%) (Fig. 4i) (Fig. 4j) was abundant in two Philippines springs (29-47%), in comparison with negligible levels in YNP and Tengchong. Hydrogenobaculum (0-100%) (Fig. 4k ) occurred in more acidic Tengchong springs (pH 2-5), while Hydrogenobacter (0-92%) (Fig. 4l) tended to prefer higher pH springs (pH 5-7.5). Although Sulfobacillus can carry out similar functions as archaeal Sulfolobus and bacterial Hydrogenobaculum (i.e. sulfur-or iron-related metabolisms such as sulfur and iron oxidation), this bacterial genus appears to be more versatile. For example, Sulfobacillus are both autotrophic and mixotrophic (Norris et al., 1996; Bogdanova et al., 2006; Kozubal et al., 2012a) and moderately thermophilic with a wide temperature range (28-62°C) (Watling et al., 2008) . In comparison, Hydrogenobaculum in YNP is mostly autotrophic (Stohr et al., 2001; Reysenbach et al., 2005; Ferrera et al., 2007; D'Imperio et al., 2008) . Sulfolobus is largely chemolithotrophic that can fix CO 2 coupled with oxidation of H 2 S or S 0 to H 2 SO 4 , but some strains are facultative heterotrophs (Huber & Stetter, 2001 ). The high total organic carbon content in springs BAL-0 (21.14 mg g À1 ) and MAL-1 (11.86 mg g À1 ) where abundant Sulfobacillus was observed suggests that Sulfobacillus may be heterotrophic in these springs. In comparison, low organic carbon contents in Tengchong springs (0.9-2.6 mg g À1 ) (Hou et al., 2013) may have accounted for the absence of Sulfobacillus and the predominance of autotrophic Hydrogenobaculum.
Conclusions
The microbial communities in the six Philippines hot springs were highly diverse and were dominated by phyla Crenarchaeota, Aquificae, Firmicutes, and Proteobacteria.
Based on the phylogenetic analysis and statistical results, temperature, aqueous concentrations of sulfate and calcium, and certain sediment properties (total nitrogen, pyrite, and elemental sulfur) were important environmental variables affecting the microbial abundance, diversity, and community structure. Sulfur metabolisms appear to be the key physiological functions in these Philippines springs; however, novel organisms were abundant in some springs, and their functions remain to be elucidated. Despite no major difference among hot springs from the Philippines, Tengchong in China, and YNP in the USA at the phylum-level, important differences were observed at the order-and genus-level. A combination of geographical distance and environmental conditions may have accounted for these distinct differences.
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